The developmental processes underlying gonadal differentiation are conserved across vertebrates, but the triggers initiating these trajectories are extremely variable. The red-eared slider turtle (Trachemys scripta elegans) exhibits temperature-dependent sex determination (TSD), a system where incubation temperature during a temperature-sensitive period of development determines offspring sex. However, gonadal sex is sensitive to both temperature and hormones during this period-particularly estrogen. We present a model for temperature-based differences in aromatase expression as a critical step in ovarian determination. Localized estrogen production facilitates ovarian development while inhibiting male-specific gene expression. At male-producing temperatures aromatase is not upregulated, thereby allowing testis development.
Introduction
A variety of sex-determining systems exist among vertebrates, ranging from primarily genotypic to primarily environmental [1, 2] . Reptiles as a group are particularly interesting in that examples of the entire range are evident. In this review we will focus on temperature-dependent sex determination (TSD). Many turtles, some lizards, and all crocodilians [3, 4] exhibit this sex-determining mechanism in which gonadal sex 1 is determined by the temper-ature of the embryo. Once thought to be restricted to oviparous species lacking sex chromosomes, recent reports have extended TSD to viviparous and oviparous species with both XX/XY and ZZ/ZW sex-determining systems [6] [7] [8] [9] .
While the mechanism by which temperature is translated into either testis-or ovarian-determining cues is not known, it has been established that the gonad is sensitive to temperature during a discrete period of development known as the temperature-sensitive period [10] [11] [12] [13] [14] [15] . It is significant that sensitivity to steroid hormones generally coincides with the temperature-sensitive period and manipulation of either temperature or the hormonal milieu during this window will redirect the putative sex of the embryo [10, 16, 17] . The best-studied species in this regard is the red-eared slider turtle (Trachemys scripta) and the most extensively studied steroid-induced sex determination involves estrogen.
Estrogen is critical for ovarian development in all vertebrate groups except for placental mammals, although it is clear even in mammals that modifiers of estrogen receptors are involved in some, as yet unknown manner (see below). Exogenous estrogen treatment during development will transiently sex-reverse chickens [18] , and permanently sex-reverse reptiles, amphibians, and fish [19] [20] [21] [22] . In the slider turtle, administration of exogenous estradiol (E 2 ) to an egg incubating at a male-producing temperature, as well as administration of an aromatase inhibitor (AI), which prevents estrogen production, to an egg incubating at a female-producing temperature, will override the temperature cue and redirect the sexual fate of the embryo [23, 24] . Importantly, warm temperature and estrogen act synergistically-less estrogen is required to sex-reverse embryos from intermediate temperatures than from extreme male-producing temperatures [16] . Because estrogen can override a temperature cue, estrogen production has been proposed to be the proximate mechanism through which temperature exerts its actions [25] [26] [27] .
Steroid hormones are present in the developing TSD embryo, whether of embryonic or maternal (yolk) origin. Yolk steroid levels are known to vary both seasonally and by clutch, and can affect hatchling sex ratios at intermediate or pivotal (the temperature that produces a 1:1 sex ratio; this will vary according to species) incubation temperatures [28] [29] [30] [31] [32] . This variation in steroid hormone levels in the egg may play a role in TSD, although some researchers report no relationship between yolk steroids and offspring sex ratios in the snapping turtle [33] and skink [34] . Recent reviews have also cast doubt on a maternal origin for steroid hormone effects in TSD [35, 36] .
Our focus here is on estrogens, but it should be noted that other steroid hormones in the yolk or of embryonic origin may also play a role in sex determination in TSD reptiles. For example, application of exogenous non-aromatizable androgens produce 100% males from a pivotal incubation temperature in the slider turtle [37] but cannot override all-female producing temperatures [38] . Inhibition of reductase, the enzyme that converts testosterone into non-aromatizable dihydrotestosterone (DHT), also sex-reverses hatchlings from a male-biased temperature [23] . In this context, it is particularly interesting to note that combined treatment with DHT and E 2 at a pivotal temperature, as well as treatment with high concentrations of testosterone at female-biased temperatures, produces some individuals with ovotestes [23, 37, 39] .
In the slider turtle, the interplay between temperature and steroid hormones may trigger ovarian determination through differential activation/repression of sex determining genes during the temperature-sensitive period [40] . Across vertebrate groups, the upstream triggers underlying sex determination are diverse, but the genes involved in sexual differentiation that directly or indirectly respond to those triggers -though not necessarily their expression pattern or developmental timing -are conserved. Homologues for genes first discovered in mammals such as Dmrt1, Sox9, Mis, Sf1, Dax1, WT1, Wnt4, FoxL2, and Rspo1 have been found in fish [41] , amphibians [42] , birds [43, 44] , and reptiles [45] [46] [47] [48] [49] [50] [51] [52] [53] .
If the same genes and their products are being utilized in gonadal development across vertebrate groups, it may be the timing and manner of gene regulation that allow these core components to respond to distinctive triggers. An interesting example of this phenomenon is in the timing of estrogen sensitivity during ovarian development. In mammals, estrogens play an important role in the development of female secondary sex characteristics rather than ovarian determination itself [54, 55] . Although exogenous estrogen treatments have been shown to sex-reverse male marsupials [56] , estrogens have been thought unnecessary for normal ovarian differentiation in placental mammals. It was not until mice were created with both estrogen receptor ␣ (ER␣) and estrogen receptor ␤ (ER␤) isoforms knocked out (␣␤ERKO) that estrogen-related sex reversal was observed in a eutherian mammal [57] . In these knockouts, ovaries develop normally, but around puberty the follicles begin to transform into seminiferous tubule-like structures, including the transdifferentiation of mature granulosa cells into Sox9-expressing Sertoli cells [57] [58] [59] . Postnatal ovaries of female aromatase knockout (ArKO) mice fed a soy-free diet exhibit the same postnatal sex-reversed phenotype seen in ␣␤ERKO ovaries [60, 61] .
It should be noted that in the mouse, estrogen is necessary for post-pubertal ovarian maintenance, but not for ovarian determination or development. However, the mouse model is not globally applicable across all mammalian species. Goats and sheep express aromatase during ovarian differentiation [62, 63] ; in fact, the goat polled intersex phenotype (now known to be caused by a mutation in FoxL2) probably results from reduced aromatase expression during ovarian differentiation [64] . The slider turtle model system extends the time frame of estrogen sensitivity back further-to the period of ovarian determination.
The remainder of this review will focus on how warm temperatures and estrogen interact with core sex-determining genes early in gonadal development to form an ovary, and in particular on how steroid signaling components respond to temperature and hormones.
Gonadal development in the slider turtle
To understand how temperature and estrogen interact in TSD, and more particularly in ovarian determination, it is necessary to place temperature and estrogen action into the context of the developmental trajectory of the gonad.
The onset and duration of temperature-and hormonesensitivity during sex determination have been established in the slider turtle [10, 65] and a schematic of slider turtle gonadal development is represented in Fig. 1 . The gonad develops as part of the adrenal-kidney-gonad (AKG) complex [66] . The urogenital ridge first forms around Stage 13, and hatching occurs at Stage 26. Gonadal development encompasses 3 main phases-bipotential (Stages 14-16), sex determination (Stages 16.5/17-19/21), and sexual differentiation (Stages 20/21-hatch). In this species, the temperature-sensitive period encompasses the bipotential and sex determination phases of gonadal development, and occurs in about the middle third of embryonic development [10, 67] . The duration of the temperature-sensitive period varies by temperature. At a female-producing temperature of 31 • C, the temperaturesensitive period extends from about Stages 14-18/19, while at a male-producing temperature of 26 • C it extends from about Stages 14-20/21.
As the gonad develops from the genital ridge, two distinct compartments emerge-an inner medulla and an outer cortical layer. Primitive sex cords are found in the medullary region of the bipotential gonad, regardless of temperature. In the developing ovary, these primitive sex cords will degenerate (∼Stages [18] [19] [20] while in the testis they will develop into the seminiferous tubules (starting ∼Stage 18, and very evident by about Stage 20; Fig. 1 ). Interestingly, the cords develop in the testis while sex is still labile, making this process reversible until about Stage 20/21. Germ cells are initially located in the outer germinal epithelium of the gonad. In the ovary, they remain in the cortical region where they will proliferate along with differentiating granulosa cells to form follicles. In the developing testis, germ cells will migrate into the medullary region beginning about Stage 18, where they will be enveloped by the developing seminiferous tubules [10, 68] .
Two key events mark ovarian development: regression of the medullary region and proliferation of the cortex (Fig. 1) . The regres- sion of the medullary sex cords begins at about Stage 18/19 in the developing ovary-probably not coincidentally the end of the temperature-sensitive period at female-producing temperatures. The proliferation of the cortical region begins at ∼Stage 21, and so is an integral part of ovarian differentiation but not sex determination itself. If estrogen action/production is an important part of ovarian development, it could be acting early at the level of determination (medullary regression) and/or late during differentiation (cortical proliferation).
Establishing embryonic steroidogenic capacity during the temperature-sensitive period
Early studies on TSD established steroidogenic capability and activity before, during, and after the temperature-sensitive period in the slider turtle AKG [69] , as well as the presence of steroid hormones in both serum and whole embryos [70] . The AKG complexes from embryos incubating at a male-producing temperature are more steroidogenically active following stimulation by pituitary hormones [71] . In addition, whole body and serum measurements indicate that putative males contain more testosterone (T) and E 2 during early-to-middle phases of the temperature-sensitive period and more progesterone (P) in the middle of the temperaturesensitive period than embryos at a female-producing temperature [70] . Hydroxysteroid dehydrogenase (HSD) activity is also detected in adrenal (ene-5-3-␤-HSD and 3␣-HSD) and embryonic kidney (3␣-and 17␤-HSD) tissue during and after the temperaturesensitive period, but activity does not appear to differ by incubation temperature [72] .
Most early work on steroidogenic activity and TSD focused on temperature-specific differences in aromatase, but the evidence for early action of aromatase in female sex determination varied with the model systems being used. Using a tritiated water assay, studies on isolated gonad tissue in the pond turtle (Emys orbicularis) show increased aromatase activity late in the temperature-sensitive period at a female-producing temperature (reviewed in [73] ). Shifting pond turtle eggs from a male-to a female-producing temperature also results in increased gonadal aromatase activity [26] . In the diamondback terrapin (Malaclemys terrapin), Jeyasuria and Place [74] used RT-PCR and measured an increase in aromatase expression in the AKG complex late in the temperature-sensitive period. However, in the alligator (Alligator mississippiensis) [75, 76] , the painted turtle (Chrysemis picta) [77] and the slider turtle, measures of aromatase activity (via tritiated water assay; [78] ) or expression (via RT-PCR; [79] ) in AKG tissue show no significant difference in aromatase during the temperature-sensitive period. Both the alligator and slider turtle AKG measures do show a sharp increase later during ovarian differentiation.
While it is possible that the timing of female-specific aromatase upregulation varies across TSD reptiles, more recent work comparing isolated gonad with whole AKG gene expression patterns indicate that expression in adjacent adrenal and kidney tissues may obscure the essential female-specific role for aromatase in the gonad during the temperature-sensitive period [80] . Similarly, in the snapping turtle (Chelydra serpentina), aromatase expression in isolated gonad tissue significantly increases 3 days after a shift from male-to female-producing temperature [81] . These results point to local production of aromatase within the gonad itself as the key to differential estrogen activity at female-producing temperatures [27, 67] .
Most early research focused on steroid hormone production rather than uptake, but E 2 uptake sites measured via 3 H-E 2 in vivo autoradiography localize to saltwater crocodile (Crocodylus porosus) gonads during gonadal differentiation [82] . Conversely, in slider turtle AKG tissue, E 2 accumulation occurs in the adrenal and mesonephros tissue rather than the gonad itself [83] , although in situ hybridization experiments indicate that ER␣ expression is localized throughout the slider turtle gonad at both incubation temperatures [84, 85] . A model for temperature and steroid hormone action during temperature-dependent sex determination in the red-eared slider turtle (Trachemys scripta). Temperature directly or indirectly causes an increase in aromatase expression at female-producing temperatures, which in concert with a spike in expression of ER␣ and AR and other female-specific genes (i.e., FoxL2, Rspo1), leads to ovarian determination. Increased estrogen levels combined with ER␣ expression inhibit male-specific gene expression in the developing ovary. ER␤ expression increases later in ovarian development, and is associated with ovarian differentiation. In contrast, at male-producing temperatures aromatase expression is not increased, and so estrogen-related inhibition of male development does not occur. Testis determination is associated with increased expression of male-specific genes such as Sox9, Mis, Dmrt1 and Sf1.
Steroid signaling during ovarian development
Our recent research uses an integrated view of multiple steroid signaling system components rather than concentrating on a single gene or element (i.e., estrogen production) [40] . In this review we focus on biological actions of steroid hormones mediated through ligand-specific binding to their respective receptors [86] , recognizing that there may also exist in TSD rapid, nongenomic actions for steroid hormones and their receptors [87] .
Steroid receptors such as androgen receptor (AR), ER␣, and ER␤, as well as aromatase are expressed in adult and embryonic reproductive tissues across vertebrate groups [67, 78, 79, 84, 85, [88] [89] [90] [91] [92] . However, prior to our work, ER␤ and AR expression had not been examined at all in the slider turtle.
Steroidogenic factor 1 (Sf1) has multiple roles during sexual development across vertebrate groups, including the regulation of aromatase [93] [94] [95] [96] . During mammalian development, Sf1 expression is necessary for both the maintenance of the early bipotential gonad (regardless of sex) and for testis differentiation [94, 97] , and has recently been implicated as Sry's coactivator in initiating testisspecific expression of Sox9 [98] . In the mouse, Sf1 is expressed at higher levels in the developing testis than ovary [99] , and this pattern is conserved in the slider turtle [51] . In the slider turtle, Sf1 is responsive to sex-reversal via temperature-increasing after shift from a female-producing incubation temperature to a maleproducing incubation temperature (FPT → MPT) while decreasing following the converse shift from a male-producing incubation temperature to a female-producing incubation temperature (MPT → FPT). Sf1 is also responsive to sex-reversal via hormonal manipulation-increasing after treatment with aromatase inhibitor (AI) while decreasing after feminizing treatment with exogenous estrogen [100] .
In our integrated approach to steroid signaling during slider turtle sex determination and differentiation, AR, ER␣ and ER␤ expression patterns are critical markers for steroid hormone action. Aromatase expression indicates possible embryonic production of estrogen, and Sf1 is both a marker of testis differentiation and a master steroidogenic regulator. Examining the developmental expression profiles of these five genes serve to illuminate the interplay between temperature and sex steroid hormone action in slider turtle sex determination. As illustrated by our model (Fig. 2) , we propose that warm temperature either directly or indirectly induces increased gonadal aromatase expression that, coupled with a spike in steroid receptor expression, sets the stage for commitment to ovarian fate. Further, we propose that Sf1, although implicated in the developmental regulation of ovarian aromatase in some vertebrate groups including alligators [48] , chickens [101] and amphibians [102] , may play a predominantly male-specific role during slider turtle gonadal determination.
What is the evidence in support of this model?
Sf1, aromatase, ER␣, ER␤, and AR transcripts are present throughout gonadal development, but are differentially expressed by temperature (Fig. 3) . Quantitative polymerase chain reaction (qPCR) experiments show that gonadal aromatase is expressed higher at female-than at male-producing temperatures. Using isolated gonad tissue rather than whole AKG tissue as target (Fig. 4A and B) reveals that this increase occurs during the temperaturesensitive period itself, while temperature is exerting its action and before ovarian differentiation is committed, and so supports an early role for estrogen production in ovarian determination [67] . Even more striking is the temperature-based difference in aromatase localization patterns early in the temperature-sensitive period (Fig. 4C-H) . Aromatase is organized into circular patterns (presumably around putative germ cells) at the female-producing temperature by Stage 15-a time when the gonad is still morphologically bipotential. Both ER␣ and ER␤ are expressed throughout the bipotential gonad at this stage [85] , but only at the femaleproducing temperature are they present in combination with specific and organized estrogen production. These results may reflect early differences in the steroid microenvironment around Fig. 3 . Expression of components of the steroid signaling network is differential by temperature across development in the red-eared slider turtle (Trachemys scripta). Steroidogenic factor 1 (Sf1), aromatase, estrogen receptors (ER␣ and ER␤), and androgen receptor (AR) expression levels within the gonad were measured with real-time qPCR, and the normalized expression levels for a male-producing temperature (26 • C) were subtracted from female-producing temperature (31 • C) values. For each gene, expression was calibrated to female expression levels at Stage 17, and then male expression values were subtracted from the female expression values for each stage. Gene expression levels higher at the female-producing temperature are therefore positive values, while levels higher at male-producing temperature are negative. Aromatase expression is dramatically higher than the other genes at FPT, and the Y-axis is scaled to reflect this (calibrated aromatase value given in parentheses at the top of the bar).
developing germ cells and in developing follicles, and may be one of the earliest steps toward ovarian determination (Fig. 2) .
As gonadal development continues, ER␣ and AR levels are equivalent between male-and female-producing temperatures midway through the temperature-sensitive period, but both exhibit a spike in expression at the close of the temperature-sensitive period at a female-producing temperature [85] (Fig. 3) . Both then drop and are roughly equivalent, or slightly higher in the developing testis throughout the phase of gonadal differentiation. Importantly, the female-specific spike in expression correlates with the time of ovarian sex determination as well as increased aromatase expression at the female-producing temperature. This difference appears purely quantitative in nature, as none of the steroid receptors exhibited differential localization patterns until after the temperature-sensitive period had closed and gonadal differentiation was complete [85] . The higher AR expression observed during ovarian determination is consistent with growing evidence suggesting it may play a role in ovarian differentiation in species where aromatase expression is key to ovarian development. In the slider turtle, AR expression responds to the inhibition of aromatase activity even before ER␣ and ER␤ patterns change, indicating that AR expression patterns are sensitive to changes in estrogen availability [85] . AR expression levels are also temperature-sensitive in the snapping turtle, showing a significant increase in expression 4 days after a shift from male-to female-producing temperatures [81] . In the chicken, AR is present in both testes and ovaries during development, but is expressed at higher levels in the left ovary than the testis [90] . Interestingly, in ovo treatment of female chick embryos with the AR antagonist flutamide results in disorganized ovarian cortical development [90] . This disorganization can be rescued by co-application of either testosterone or estradiol with flutamide, indicating a possible role for androgen signaling in sex-specific aromatase action in ovarian development.
ER␤ exhibits a unique pattern of expression in the developing slider turtle gonad, particularly when contrasted with ER␣ (Fig. 3) . Levels are unchanging at both temperatures throughout the temperature-sensitive period, and it is only later during ovarian differentiation that a strong female-specific increase in ER␤ is observed [85] (Fig. 3) . In mammals, ER␤ is predominantly expressed in granulosa cells of the ovary [103, 104] , and ER␤ expression in the slider turtle ovary coincides with the developmental timing of cortical cell proliferation [10] . If ER␤ cell-type expression is conserved between mammals and the slider turtle, then this increase may reflect granulosa cell proliferation, although probably not granulosa cell differentiation. FoxL2, a conserved granulosa cell marker [105] [106] [107] , is already differentially expressed in the developing cortical compartment and at significantly higher levels at female-producing temperatures by the time of ovarian commitment [50] . The lack of cortex-specific ER expression during ovarian determination indicates granulosa cell differentiation is probably not an estrogen-dependent event in slider turtle ovarian development.
The distinct patterns of expression for ER␣ and ER␤ suggest they may play different roles in slider turtle ovarian development, with ER␣ mediating the first component of ovarian determination (medullary regression), and ER␤ playing a role in estrogen contribution to cortical proliferation later in ovarian development (Fig. 2) . In addition, these divergent patterns also suggest that unlike ER␣, ER␤ is not an early target of female-producing temperature in ovarian determination [85] .
In contrast to aromatase, ER␣, ER␤ and AR, Sf1 is expressed at higher levels at male-producing temperatures than at femaleproducing temperature during the temperature-sensitive period (Fig. 3) . Throughout gonadal development, Sf1 abundance and localization patterns do not appear to be correlated with aromatase patterns, although Sf1 is certainly present at both sexes in the early bipotential gonad, and does exhibit low-levels of diffuse signal throughout ovarian commitment and differentiation [51, 67] (Fig. 3) . While a regulatory relationship between Sf1 and aromatase cannot be excluded, our data do not support such a relationship, particularly in terms of initiating early female-specific aromatase expression. Sf1 expression increases transiently following a shift from a male-to a female-producing temperature in the snapping turtle, however this increase is subsequent to increases in aromatase and FoxL2 [81] . As in the slider turtle, Sf1 does not appear necessary for the initiation of higher aromatase expression in the snapping turtle, but may be a critical regulator for sexually dimorphic steroidogenic activity.
The interaction between aromatase and Sf1 appears complex, and examples of aromatase expression in the absence of Sf1 are found even in mammalian models. For example, aromatase expression is a marker for undifferentiated adipose cells, but these cells do not express Sf1. Instead they express Lrh1, a closely related gene to Sf1 that can also regulate aromatase [108] . In the adult ovary, Sf1 is predominately expressed in (androgenic) theca cells, while aromatase and Lrh1 are predominately expressed in granulosa and luteal cells [109, 110] , although it is important to note that ovarian maintenance and function is impaired in granulosa-cell specific Sf1 knockouts [111] .
FoxL2 regulates aromatase in mammals [64, 112] , and chickens [105, 113] , and so is another strong candidate to regulate aromatase in the slider turtle gonad. In TSD reptiles, FoxL2 is expressed higher at female-than male-producing temperatures [50, 106] , and is upregulated along with aromatase following a temperature shift to female-producing temperatures in the snapping turtle [81] . However, additional factors are probably involved in aromatase regulation in the slider turtle gonad because aromatase localization is already differential with temperature early in the bipotential phase of gonadal development, while FoxL2 is not clearly differentially localized until ovarian fate is committed [50, 67] .
Temperature-induced versus estrogen-induced sex-reversal
The above material makes clear that incubation temperature, steroid hormones, and genes interact with gonadal sex determination in the slider turtle. The effect of temperature and hormones can be partially uncoupled by examining changes in gene expression patterns following temperature shift or hormonal override of a temperature cue. Manipulating or overriding the temperature cue during this labile period of development means gonadal sex must essentially be re-determined towards the destination sex, and in the case of male-to-female sex-reversal must include both the repression of male development and the activation of female development (Fig. 2) .
Steroid signaling components may contribute to both of these processes. For example, although the regulatory relationships among slider turtle testis-determining genes are not currently known, two conserved testis-associated genes, Sf1 and Dmrt1, are downregulated in response to exogenous estrogen [100, 114] . In addition, the Sertoli cell markers Sox9 and Mis have ER binding sites (estrogen response element sequences) in their regulatory promoter regions according to genomic screens on mammalian sequences [115, 116] .
The effect of temperature on steroid signaling
After a male-to-female shift (Fig. 5A-K) , AR, aromatase, and ER␣ exhibit organized expression along the degenerating medullary sex cords (Fig. 5C, F, I ), while Sf1, presumably reflecting its male-specific role during determination, instead shifts to a more diffuse expression pattern than that seen in unshifted controls (data not shown) [67] . In contrast, ER␤ expression declines throughout the medullary region following MPT → FPT shift (Fig. 5L) , supporting the idea that ER␤ function is primarily later in ovarian differentiation (Fig. 2) . Aromatase and ER␣ expression may mediate estrogen action in the medullary compartment following the feminizing temperature shift (Fig. 2) , however the exact role of AR in ovarian development is still unclear.
The opposing shift from female-to male-producing temperature during the temperature-sensitive period results in testis development (Fig. 5M-X) . Following a masculinizing shift, aromatase, ER␣ and ER␤ medullary expression is reduced (Fig. 5R , U, X)-possibly relieving estrogen-induced repression of male gene expression. The appearance of male-typical AR expression along the developing seminiferous tubules is delayed in response to the masculinizing shift (Fig. 5B, O) , indicating that like ER␤ in the ovary, AR may play more of a differentiation rather than determination role in testis development [85] . In contrast, Sf1 expression is more rapidly redirected towards a more male-typical medullary expression pattern [67] , supporting the idea that in the slider turtleas it does in the mouse -Sf1 may primarily function in testis development.
The effect of exogenous estrogen on steroid signaling
The estrogen signaling network responds differently to ovarian sex determination via exogenous estrogen than temperature. In contrast to the patterns observed following a feminizing tem- perature shift, administration of E 2 causes both ER␣ and ER␤ to be downregulated in the medullary compartment, but does not alter aromatase expression patterns [67, 85] . The downregulation of ER␣ was particularly dramatic, and was evident within one developmental stage after E 2 application-possibly indicating a feedback relationship between estrogen levels and ER␣ expression.
In fully differentiated ovaries formed at female-producing temperatures, aromatase, ER␣ and ER␤ expression is difficult to detect using whole mount in situ hybridization, however, when it is detectable, expression is predominately confined to the medullary region [67, 85] (Fig. 6A, B, C) . In contrast, localization for all three genes is shifted towards the cortical compartment in E 2 -created ovaries incubated at the male-producing temperature (Fig. 6D, E,  F) . This shift in localization following E 2 treatment is not seen with either Sf1 or AR (data not shown) [67, 85] . The altered expression patterns in the estrogen signaling network leads to the intriguing hypothesis that cortical estrogen synthesis and signal transduction may be needed to maintain E 2 -induced ovarian development at male-producing temperatures, and that under normal conditions of low estrogen concentration at the male-producing temperature, male temperatures may antagonize cortical development.
Conclusions
The slider turtle model system allows unique insight into sex determination and differentiation because of the ability to deconstruct the complex interplay between temperature and steroid hormones. Here we build a model for TSD wherein warm temperatures either directly or indirectly cause increased estrogen production within the gonad that in turn directs ovarian development while inhibiting testis-specific gene expression. As development continues, higher estrogen production within the gonad at female-producing temperatures helps to mediate ovarian-specific processes including regression of the medullary compartment and proliferation of the cortical region.
In contrast, localized estrogen production within the gonad is inhibited at male-producing temperatures. In the absence of aromatase, testis-specific genes such as Dmrt1, Sox9 and Mis are upregulated, resulting in testis determination and development.
